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ABSTRACT 

We investigated the fraction of [O n] emitters in galaxies at z ~ 0.9 as a function of the local 
galaxy density in the Hubble Space Telescope (HST) COSMOS 2 square degree field. [O n] emitters 
are selected by the narrow-band excess technique with the NB711-band imaging data taken with 
Suprime-Cam on the Subaru telescope. We carefully selected 614 photo-z selected galaxies with 
-^(73500 < —19.31 at z = 0.901 - 0.920, which includes 195 [O n] emitters, to directly compare results 
with our previous study at z ~ 1.2. We found that the fraction is almost constant at 0.3 Mpc -2 < 
Sioth < 10 Mpc~ 2 . We also checked the fraction of galaxies with blue rest-frame colors of NUV — R < 
2 in our photo-z selected sample, and found that the fraction of blue galaxies does not significantly 
depend on the local density. On the other hand, the semi-analytic model of galaxy formation predicted 
that the fraction of star-forming galaxies at z ~ 0.9 decreases with increasing the projected galaxy 
density even if the effects of the projection and the photo-z error in our analysis were taken into 
account. The fraction of [O n] emitters decreases from ~ 60% at z ~ 1.2 to ~ 30% at z ~ 0.9 
independent of the galaxy environment. The decrease of the [O n] emitter fraction could be explained 
mainly by the rapid decrease of the star formation activity in the universe from z ~ 1.2 to z ~ 0.9. 

Subject headings: galaxies: environment — galaxies: evolution — galaxies: star formation 



1. INTRODUCTION 

It is known that star formation activity in galaxies 
strongly depends on environment in the present uni- 
verse. The high-density regions such as clusters of galax- 
ies are dominated by passively evolving early-type galax- 
ies, while there are many star-forming lat e-type galaxies 
in field (low-den s ity) environments (e .g., IDresslerl 119801 : 
IGoto et al.|[200l IBamford et all [20091 ) . The fraction of 
star-forming galaxies systematically decreases with in- 
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creasing local galaxy density (e.g., 


Gomez et al.l 12003; 


Baloeh et al. 2004: Kauffmann et al. 


2004; iTanaka et al.l 


2004) . From these findings, it is considered that the star 



formation history of galaxies in general depends on envi- 
ronment. 



In order to understand how the star formation his- 
tory of galaxies depends on environment, it is impor- 
tant to investigate the star formation activity of galax- 
ies as a function of environment in the early universe. 
Several such environmental studies have been carried 
out at z > 1, when th e cosmic star f orma tion rate 
density reached its peak. lHavashi et al.l (|2010f) studied 
the fraction of narrow-band selected [O ii] emitters as 
a function of the local galaxy density around a cluster 
at z ~ 1.5, and found that the fraction of such star- 
forming galaxies is nearly independent of the local den- 
sity, and does not decr ease even in the core of the clus- 
ter. iTran et ail (|2010[ ) also found that the fraction of 
actively star-forming galaxies with bright IR luminos- 
ity slightly increases with the lo c al gal axy density in a 
cluster at z = 1.62. Ildeue et al.l (|2009[ ) similarly inves- 
tigated the fraction of [O Ii] emitters in more general 
environments at z ~ 1.2, and found that the fraction 
is almost constant from low-density to medium-density 
environments. These results suggest that the relation 
between the star formation activity and the galaxy en- 
vironment changed between z > 1 and z ~ 0. Since 
the cosmic star formation rate (SFR) density decreases 
from z ~ 1 to the present by about an order of magni- 
tude (e.g.. iHopkins fc Beacorn| [200l iShiova et all 120081; 
IWestra et al.ll2010fl . the change of the environmental de- 
pendence of the star formation activity might be directly 
related with the decrease of the global SFR density in 
the universe. Therefore, it is interesting to investigate 
the star formation activity as a function of environment 
in detail at z ~ 1, when the cosmic SFR density started 
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to decrease. 

At z ~ 1, several studies in general environments 
claimed that the average star formation rat e of galaxies 
incre a ses with the local ga laxy density (e.g., Elb az et al.1 
[20071: ICooper et all 12008ft . while some studies around 
clusters of galaxies reported that the fraction of star- 
forming galaxies decr e ases with the loc a l density (e.g.. 



-15 



Poggianti etall I2008t [Patel et all l2009t iKovama et al j 
20101 : IPatel et all 12011ft . Recently. ISobral et all (l20lTh 



carried out a wide-field near-infrared narrow-band sur- 
vey in the COSMOS and UKIDSS UDS fields. They 
found that the fraction of narrow-band selected Ha emit- 
ters is nearly constant or slightly increases with the local 
galaxy density from low-density to medium-density en- 
vironments, and then the fraction decreases towards the 
highest-density regions such as rich clusters, which is con- 
sistent with previous studies both in general fields and 
clusters regions. Such somewhat complicated environ- 
mental dependence of the star formation activity might 
be considered to be intermediate between those at z > 1 
and at the present. 

The next important step is to investigate the evolution 
of the star formation activity as a function of environ- 
ment by d irectly comp a ring th ose i n different epoc h s. For 
example, lElbaz et all (|2007l ) and ICooper et all f|2008Q 
made comp arisons between z ~ 1 and z ~ in general 
fields, while iPoggianti et al.l (|2008ft compared the results 
in groups and clusters at z = 0.4-0.8 with those at z ~ 0. 
In this paper, we focus on the evolution between z ~ 1.2 
and z ~ 0.9, when the cosmic SFR density began to 
decrease. Using the opti cal narrow-band ima ging data 
in the COSMOS survey (jScoville et al.l 12007ft obtained 
with Suprime-Cam on the Subaru Telescope, we investi- 
gated the fraction of narrow-band selected [O n] emitters 
in galaxies at z ~ 0.9 as a function of the local galaxy 
density. The combination of the wide area of the COS- 
MOS survey and the [O II] emitter selection allows us 
to construct a large sample of star-forming galaxies with 
a secure redshift identification. By carefully choosing 
the selection criteria for our sample and adopting the 
same method for the estimate of the local galaxy den- 
sity as our previous st udy at z ~ 1.2 in the COSMOS 
field ()Ideue et a l. 2009) , we directly compare the star for- 
mation activities as a function of environment between 
z ~ 0.9 and z ~ 1.2. Section 2 describes the data and 
the methods for the sample selection and the environ- 
ment estimate. In Section 3, we show the fraction of [O 
Ii] emitters in galaxies at z ~ 0.9 as a function of the 
environment and compare it with that at z ~ 1.2, and 
then check the robustness of the results. In Section 4, 
we compare our results with previous studies, and then 
discuss the evolution of the fraction in the redshift inter- 
val and its relation to the decrease of the star formation 
activity in the universe. 

Throughout this paper, magnitudes are given in the 
AB system. We adopt a flat universe with f2 ma ttcr = 0.3, 
A = 0.7, and H = 70 km s" 1 Mpc" 1 . 

2. SAMPLE AND ANALYSIS 
2.1. Samples 

In this study, we use a sample of galaxies with photo- 
metric redshifts of z = 0.901 - 0.920 from the C OSMOS 
photometric redshift catalog (jllbert et al.ll2009D . We can 
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Fig. 1. — M[/35oo vs. i' for galaxies at 0.901 < z pll ot < 0.920 from 
the COSMOS photometric redshift catalog. Horizontal dashed line 
and vertical dotted line show Mu^qq = —19.31 and i' = 24.0, 
respectively. All galaxies with Mij^qq < —19.31 satisfy i' < 24.0. 



select [O ii] emitters using the NB711 narrow-band data 
for the redshift interval. In order to directly compare 
with our previous results at z ~ 1.2 (jldeue etaT]l2009L 
hereafter 109), we need to match the magnitude limit 
of the sample to that at z ~ 1.2. In 109, we used the 
sample of galaxies with i' < 24 at z ~ 1.2, which cor- 
responds to the rest-frame 3500 A absolute magnitude 
of M[/35oo < —19.71. Therefore we constructed a sam- 
ple of galaxies with Mu 3500 < —19.71 at z = 0.901 - 
0.920 (hereafter Sample A). The rest-frame 3500 A ab- 
solute magnitude was calculated from the best-fit SEP 
temp late derived in the photo- z calculation (jllbert et al.l 
2009) for each galaxy. 

In addition to the Sample A, we also construct an- 
other sample of galaxies at z = 0.901 - 0.920 using 
the different magnitude limit, for which the luminosity 
evolution at the rest-frame 3500 A between z ~ 1.2 
and z ~ 0.9 is taken into account. In order to mea- 
sure the strength of the luminosity evolution, we derived 
the rest-frame 3500 A luminosity functions (LFs) for 
the z ~ 0.9 and z ~ 1.2 samples, and fitted these LFs 
with the Schechter function. The estimated Schechter 
parameters are M* = —19.55 and log0* = —2.01 for the 
z ~ 0.9 sample and M* = -19.95 and log</>* = -1.94 
for the z ~ 1.2 sample. The faint-end slope was fixed to 
a = —1.0 in the fitting for the both redshifts. Therefore 
we assumed that galaxies become fainter by 0.4 mag at 
the rest-frame 3500 A from z ~ 1.2 to z ~ 0.9, and used 
-19.71 + 0.4 = -19.31 as another magnitude limit. The 
sample of galaxies with Mj/ 35 oo < —19.31 at z = 0.901 - 
0.920 is referred to as Sample B. 

For the redshift range, we can almost completely sam- 
ple galaxies even with M[/ 35 oo < —19.31 (Figure 1). All 
galaxies in the samples have i' < 24, and the photometric 
redshift accuracy is the same as in our previous study at 
z ~ 1.2. The numbers of galaxies in the samples are 373 
for the Sample A and 733 for the Sample B. The effective 
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survey area is 5540 arcmin 2 and the redshift interval of 
z = 0.901 - 0.920 corresponds to the co-moving depth of 
50 Mpc. Then our effective survey volume is 2.28 x 10 5 
Mpc 3 given the assumed cosmology. 

2.2. [On] Emitter Selection 

We select [O n] emitters from the samples mentioned 
above as star-forming galaxies using the narrow-band ex- 
cess technique. In order to select the [O n] emitter, 
we use the r', i', and NB711 band s photometry from 
the COSMOS photometric catalog (jCapak et al.l l2007f ). 
NB711 is a narrow band with a central wavelength of 
7119.6 A and a full width at half maximum of 72.5 A, 
which covers the redshifted [O n]AA3727 emission lines 
for galaxies at z = 0.901 - 0.920. We used the 3" diam- 
eter aperture magnitudes in three bands. We adopted 
th e correction f or the photometric zero point presented 
bv lllbert et al.l (|2009f ) . which is calculated by comparing 
the observed multi broad-band photometry for galaxies 
with spectroscopic identification with the best-fit model 
templates. The zero-point corrections are 0.003, 0.019, 
and 0.014 mag for r', i', and NB711 bands, respectively. 
The limiting magnitudes are r[ im = 26.6, i' lim = 26.1, 
and NB711ii m = 24.6, for a 3tr detection on a 3"0 diam- 
eter aperture. It is noted that we use the CFHT i*-band 
magnitude instead of the Subaru/Suprime-Cam i'-band 
one for galaxies brighter than i' = 21 because such bright 
galaxies appear to be affected by the saturation effect in 
the Suprime-Cam data. Det ails of the imaging data , and 
the photome t ry are given in iTaniguchi et alj (|2007fl and 
ICapak et al.l (|2007ri . 

In order to select NB711-band excess objects, we cal- 
culated a continuum magnitude at the wavelength of 
NB711 from r and «-bands magnitudes as f„ = 0.32/ r /-f- 
0.68/i', where f r > and are the r' and i' flux densities, 
respectively. Its 3<r limiting magnitude is ri ~ 26.5 in a 
3"</> aperture. For the bright galaxies with i' < 21, the ri 
continuum is calculated as j r i — 0.32/ r < +0.68/^*, where 
fi. is the CFHT i* flux density. 

Then, we select NB711-band excess objects using the 
following criteria: 

ri - NB711 > 0.285 (1) 

and 

ri-NB711>3a ri - NB 7n, (2) 

where 

3o-ri-ATB711 = -2.5 log (l - V I/Wbth) 2 + {ha„) 2 1 fNB71 

(3) 

The former criterion corresponds to the rest-frame equiv- 
alent width EW ([O n]) > 12 A, which is the same as 
that in our previous study at z ~ 1.2 (109). Figure [2] 
shows the color-magnitude distribution for galaxies at 
z = 0.901 - 0.920. Red symbols represent galaxies with 
Mu35oo < —19.71 (Sample A), and blue ones show galax- 
ies with —19.71 < M[/35oo < —19.31. The narrow and 
broad-bands data are deep enough to almost completely 
sample galaxies with EWq([0 ii]) > 12 A. Here, we 
exclude X-ray sources as active galactic nuclei (AGNs) 
based on the X-r ay information giv en in the COSMOS 
photo- z catalog ([Ilbert et al.l 120091) . Finally, we select 
118 [O ii] emitters out of 373 galaxies in the Sample A 




NB711 

Fig. 2. — ri - NB 711 vs. NB711 for galaxies with M U3500 < 
— 19.31 at 0.901 < Zphot < 0.920. Large open circles show ob- 
jects classified as [O n] emitters. Red symbols show galaxies with 
M[/35oo < —19.71 (the Sample A), while blue symbols represent 
those with -19.71 < M u3500 < -19.31 (i.e., red + blue = the 
Sample B). The dotted line corresponds to the minimum excess 
of ri — NB711 = 0.285, and the solid curve shows the 3<r error of 
ri — NB7U color. The dashed line represents the 3cr sensitivity 
limit for ri magnitude. 

and 233 [O 11] emitters out of 733 galaxies in the Sample 
B. 

We also examine how many AGNs are included in 
our sample using Spitzer IRAC mid-infrared colors. 
lLacv et al.1 (|2004T ) and iStern et al.l (|2005l) pointed out 
that AGNs can be distinguished from star-forming galax- 
ies using Spitzer IRAC colors, e.g., [3.6] — [4.5]. While 
the ultraviolet to mid-infrared (A < 5 fim) continuum 
of star-forming galaxies is the composite stellar contin- 
uum that peaks at ~ 1.6 /im, an AGN continuum is well 
fit by a power law. The infrared colors of AGNs tend 
to be systematically redder than star-forming galaxies. 
As in 109, we select objects with a mid-infrared color of 
[3.6] - [4.5] > as AGN. We apply this criterion for the 
207 [O 11] emitters detected in both 3.6 and 4.5 ^m. We 
find that 2 out of the 207 [O Ii] emitters in our sample 
satisfy this criterion; the fraction of the possible AGNs 
)ie 2/207 = 1.0 % at most. Therefore, we consider that 
the AGN contamination does not affect our discussion 
below. 

2.3. Local Surface Density 

As in 109, we use the 10th nearest neighbor method to 
estimate the local surface density of galaxies as a mea- 
surement of the galaxy environment. The projected sur- 
face density is calculated as 



where r is the distance to 10th nearest neighbor. We 
calculate this distance for galaxies within the redshift 
z ± a z taking account of the error of the photometric 
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TABLE l 

Summary of the samples 





photometric 


limiting 


total number 


# of [O II] emitters 




redshift 


magnitude 


(ElOth available) 


(ElOth available) 


Sample A 


0.901-0.920 


M U3500 < -19.71 


373 (291) 


118 (95) 


Sample B 


0.901-0.920 


Mu3500 < -19.31 


733 (614) 


233 (195) 



redshift (a z = 0.023 at z ~ 0.9). The redshift slice of 
z ± <J Z corresponds to the co-moving depth of 118 Mpc, 
while that in our previous study at z ~ 1.2 is 114 Mpc 
(109). Therefore, the co- moving depth for the estimate of 
the projected surface density in this study is similar with 
that in 109. We consider that such a small difference in 
the depth of the redshift slice does not affect our results 
shown in the next section. We discard the galaxies near 
the edge of our field of view, i.e., whose r is larger than 
the distance to the edge of the field. This procedure 
decreases the numbers of galaxies in our samples to 291 
(95 [O il] emitters) for the Sample A and 614 (195 [O n] 
emitters) for the Sample B. We summarize our samples 
in Tabled! 

3. RESULTS 

3.1. Fraction of [O II] emitters at z ~ 0.9 as a function 
of local density 

Figure [3] shows the fraction of [O il] emitters in galaxies 
at z ~ 0.9 as a function of the local galaxy density. The 
results for the Samples A and B are shown as solid circles 
and open squares, respectively. For comparison, we also 
show the results for galaxies at z ~ 1.2 from 109. 

In Figure [31 we cannot find a significant environmental 
dependence of the fraction of [O n] emitters in the both 
Samples A and B. The fraction of [O n] emitters is nearly 
constant (~ 0.3) for between Sioth ~ 0.3 Mpc -2 and 
~ 10 Mpc -2 . Even if we take the effect of luminosity 
evolution of galaxies into account, the flat distribution 
holds. The fraction of [O n] emitters at z ~ 1.2 also 
shows no significant environmental dependence, but the 
fraction is ~ 0.6 over a wide range of the local density, 
which is significantly higher than that at z ~ 0.9. The 
fraction of [O n] emitters decreases from ~ 0.6 to ~ 0.3 
between z ~ 1.2 and z ~ 0.9 in all environments we 
investigated. 

We check the effects of the projection and the pho- 
tometric redshift error on these results, in the following 
sections. 

3.2. Fraction of galaxies with blue NUV — R color 

In the analysis of the previous section, we mainly used 
the sample of galaxies with 0.901 < z p hot < 0.920 (i.e., 
Az — 0.019) to select [O n] emitters as the star-forming 
population, while the local galaxy density are calcu- 
lated with galaxies within a redshift slice of z ± a z (i.e., 
Az — 0.046) taking account of the photo-z error. So the 
density measurement includes galaxies outside the main 
sample. Furthermore, as we show in Section 13. 4[ [O n] 
emitters selected by the NB711-band excess tend to have 
higher photo-z accuracy than the other galaxies without 
the narrow-band excess. 

In order to check whether they affect the environmental 
dependence of the fraction of star-forming galaxies, we 
selected star-forming galaxies by the rest-frame NUV—R 
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Fig. 3. — Fraction of [O II] emitters as a function of the galaxy 
local density. Filled circles show the result for the Sample A and 
open squares show that for the Sample B. Small open circle s rep- 
resent the result at z ~ 1.2 updated from Idcuc ct al. (2009]) with 
the newest version of the COSMOS photometric redshift catalog. 



color estimated from the COSMOS multi-band photo- 
metric data instead of EW ([O II]). The EW ([O n]) is 
the ratio of the line luminosity L([0 n]) and the contin- 
uum luminosity at the rest-frame 3727A. While L([0 n]) 
mainly depend on SFR, the continuum luminosity at 
3727A depends on both SFR and stellar mass. There- 
fore we consider that the rest-frame NUV — R color is 
more suitable for a substitute for EWo([0 11]) than the 
simple rest-frame UV luminosity. If we ignore the effect 
of the dust reddening, star-forming galaxies with large 
EW ([O 11]) are expected to have blue NUV — R colors. 
Since the rest- frame NUV — R selection is not limited to 
the narrow redshift range of z p hot = 0.901-0.920, we can 
estimate the fraction of blue star-forming galaxies and 
the local galaxy density with the same sample within a 
redshift slice of Az = 0.046. 

Figure 2] shows the two color diagram of NUV — R 
vs. R - J for galaxies at 0.901 < z pho t < 0.920. It 
is seen that [O 11] emitters tend to show blue NUV — 
R colors as expected. Since more than 90% of [O II] 
emitters have NUV - R < 2, we use NUV - R < 2 
as the selection criterion for blue star-forming galaxies. 
The average fraction of galaxies with NUV — R < 2 
is 47% in the Sample A, which is slightly larger than 
that of [O 11] emitters. Figure [5] shows the fraction of 
galaxies with NUV—R < 2 in the Sample A as a function 
of the local galaxy density. We first used galaxies at 
0.901 < Zphot < 0.920 as the main sample and measured 
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Fig. 4. — The rest-frame jVt/V — R vs. R — J diagram for 
the Sample B (Afj7 35 oo < —19.31). Blue circles show [O II] 
emitters selected by the NB711-band excess. Red circles rep- 
resent bright Spitzer/MIPS 24/^m sources with /24/jm > 150— 
200 fijy at z p i lot =0.901-0.920, which include those objects with 
Mf/3500 > -19.31. 
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Fig. 5. — Fraction of blue galaxies with the rest NUV — R < 2 as 
a function of the local galaxy density. Solid circles show the result 
for galaxies with M u3500 < -19.71 at 0.901 < z phot < 0.920. The 
local density for each sample is measured with galaxies within a 
redshift slice of z ±0.023 centered on its redshift, as in Figurc[3] On 
the other hand, open circles show the case that both the fraction of 
blue galaxies and the local galaxy density are measured from the 
same galaxy sample at 0.91 — 0.023 < z p hot < 0.91 + 0.023. 



the local density for each sample galaxy by using galaxies 
within a redshift slice of z ± o~ z centered on its redshift, 
as in the case of [O 11] emitters (solid circles in Figure 
[5]). Then we estimated both the fraction of blue galaxies 



and the local galaxy density from the same galaxies at 
0.91 - 0.023 < Zphot < 0.91 + 0.023 (open circles in the 
figure). The fractions of galaxies with NUV — R < 2 
in the both cases agree within the uncertainty at each 
density. The fraction does not significantly depend on 
the local density in the both cases, although the fraction 
could be slightly smaller at the highest density bin in the 
latter case. If we use the Sample B instead of the Sample 
A, we obtain the similar results. Therefore we consider 
that the difference in the redshift range between the main 
sample and the sample used for the density measurement 
does not significantly affect our results. 

3.3. Comparison with the semi- analytic model 

Although more than 30 photometric bands of the COS- 
MOS data set provide the very accurate photometric red- 
shift, the error of a z = 0.023 at z ~ 0.9 corresponds to 
relatively large physical scale of ~ 30 Mpc. The effects of 
the projection over the redshift slice of z ± a z (~ 60Mpc 
width in physical scale) and the photo-z error could wash 
out structures or make spurious overdensities. 

In order to check these effects, we use a mock galaxy 
cat alogue from the pu blicly available semi-analytic model 
bv lFont et all (|2008ft . This model is based on the Mil- 
lennium Simulation of the growth of dar k matter struc 



ture in a A cold dark matter cosmology ( Springcl et al 
I2005D and is a minor revision of the model bv lBower et al 



(2006). We sampled model galaxies with Mjj < —19.71 
and Mjj < —19.31 from a snapshot at z ~ 0.9, and then 
calculated the local galaxy densities with three ways; 1) 
3-dimensional density based on the 10th nearest neighbor 
(i.e., true density), 2) 2-dimensional projected density 
based on the 10th nearest neighbor which is calculated 
from samples within a slice of 60 Mpc in physical scale, 
3) the same as 2) but calculated from samples within a 
slice of 60 Mpc after galaxies are randomly shifted along 
the depth direction of the slice with a offset of the Gaus- 
sian distribution with a = 30 Mpc in order to take the 
photometric redshift error of the observed sample into ac- 
count. We can check the projection effect by comparing 
1) and 2), and see the effect of the photometric redshift 
uncertainty from 3) . Figure [6] shows the comparison be- 
tween 1) and 2) (left panel) and that between 1) and 3) 
(right panel) for the sample with My < —19.71. It is 
seen from the left panel that there is a clear correlation 
with a scatter of a ~ 0.3 dex between the true density 
and 2-dimensional projected density. Even if the random 
offsets by the photometric redshift error are added (the 
right panel), there remains the correlation between the 
true and projected densities although both high and low 
density regions seem to be smeared out in some degree 
and the correlation becomes weaker. The results for the 
sample with Mjj < —19.31 are the same except that the 
both true and projected densities become slightly larger 
simply because of the increase of the number of galaxies 
in the sample. We confirmed that these results do not 
depend on a choice of the direction of the slice in the 
simulation box. 

We also checked the environmental dependence of the 
fraction of [O 11] emitters in the simulation by calculat- 
ing EW ([O 11]) of model galaxies from their L([OII]) 
and Mjj in the mock catalogue. Figure [7] shows the 
fraction of galaxies with EWq([0 11]) > 12 A as a func- 
tion of the 3-dimensional density (left panel) and the 2- 
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Fig. 6. — left) Comparison between the 3-dimcnsional (true) local gala xy density and th e projected 2-dimensional density for ~ 550000 
mock galaxies with Mjj < —19.71 at z ~ 0.9 in the semi-analytic model by Font ct al. (2008). The both densities are estimated by the 10th 
nearest neighbor method. The 2-dimensional projected density is calculated from model galaxies within a slice of 60 Mpc in physical scale, 
which corresponds to Az = 0.046 at z ~ 0.9. Solid line shows the median value of the projected density as a function of the 3-dimensional 
density, while dashed lines represent the 16 and 84 percentiles, right) The same as the left panel but the projected density is calculated 
from model galaxies within a slice of 60 Mpc after galaxies are randomly shifted with a offset of the Gaussian distribution with a = 30 
Mpc in order to take account of the photometric redshift error (see text). 
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Fig. 7. — left) Fraction of [O II] emitters in mock galaxies with Mjj < —19.71 at z ~ 0.9 in the semi-analytic model by I Font et al. (2008) 
as a function of the 3-dimensional local galaxy density. Solid line shows the fraction of galaxies with EWq([0 ii]) > 12 A, and dashed line 
shows that of galaxies with EWq({0 ii]) > 36 A. right) The same as the left panel but as a function of the 2-dimensional projected density 
with the photometric redshift error of cr z = 0.023. 



dimensional projected density with the photometric red- 
shift error (right panel). Since the overall fraction is 
slightly larger than the observed fraction of [O ii] emit- 
ters, we also show the fraction of model galaxies with 
EWq ([O ii]) > 36 A for comparison. It is seen from the 
left panel that the fraction of star-forming galaxies se- 
lected by the EWq([0 n]) criteria clearly decreases with 
the local galaxy density in the semi-analyt ic model as 
previous studies have already reported (e.g.. lElbaz et al.l 



[2001 . Even if we use the projected density with the 
photometric redshift error, the fraction of [O n] emitters 
clearly depends on the density, although the environmen- 
tal dependence of the fraction becomes slightly weaker. 
This suggests that the effects of the projection and the 
photometric redshift error in our density measurement 
do not smear out the relation between the fraction of [O 
ii] emitters and local density. The observed fraction in 
Figure [3] does not seem to decrease with the local density, 
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which is different from the semi-analytic model, although 
the relatively large statistical error in our analysis pre- 
vents us from completely rejecting the model. 

We note that the above simulation of the fraction of 
[O II] emitters with the semi-analytic model does not 
consider the fact that [O n] emitters are selected by the 
narrow-band excess within a narrower redshift width of 
Az — 0.019. As seen in the previous subsection, how- 
ever, we obtained the same result (no significant environ- 
mental dependence) when we selected galaxies with blue 
rest-frame NUV — R colors as the star-forming popula- 
tion within the same redshift width of Az — 0.046 as in 
the local density measurement. Therefore, we consider 
that it does not affect the comparison between our result 
and the model prediction. 

3.4. Incompleteness and contamination due to the 
photometric redshift error 

We here check the incompleteness and contamination 
due to the photometric redshift error in our sample by 
using spectro scopic redshifts f rom the zCOSM OS red- 
shift survey (ILillv et al.ll2007t ILillv et al.ll200"l . Since 
the NB711 da ta are used in th e photometric redshift 
measurement (|Ilbert et al.l 12009). the photometric red- 
shifts of [O n] emitters with the narrow-band excess are 
expected to be more accurate than the other galaxies 
without the narrow-band excess (hereafter, non-[0 n] 
emitters) in our sample. Therefore we investigated the 
incompleteness and contamination for [O n] emitters and 
non-[0 n] emitters separately. 

We first examined the spectroscopic redshift distribu- 
tion for the photo-z selected galaxies with Mu S50 o < 

— 19.71 (Sample A) in order to estimate the fraction of 
the contamination from outside the redshift range into 
the photo-z selected sample. There are 24 [O n] emitters 
and 65 non-[0 n] emitters with spectroscopic identifica- 
tion in the Sample A, and we can use these galaxies for 
the purpose. Out of 24 [O n] emitters, 19 have spectro- 
scopic redshifts of 0.901 < z spcc < 0.920, and the other 
5 objects have spectroscopic redshifts outside of the red- 
shift range (i.e., z spcc < 0.901 or z spcc > 0.920). If we 
consider these 5 objects as the contaminants from outside 
the redshift range, the fraction of the contamination from 
outside the redshift range is 5/24 = 21%. Actually, four 
of these 5 objects have slightly lower redshifts of z spcc = 
0.893-0.899, for which the [O n] emission enters into the 
short- wavelength wing of the NB711 filter, while one ob- 
ject is a [O III] emitter at z spec = 0.422. So if we include 
four objects with z Bpec = 0.893-0.899 into the [O n] emit- 
ter sample, the contamination rate becomes 1/24 = 4%. 
On the other hand, 39 of 65 non-[0 n] emitters in the 
Sample A lie within 0.901 < z spcc < 0.920, and the other 
26 objects have spectroscopic redshifts of z spcc < 0.901 
or z S p 0C > 0.920. Therefore, the contamination rate for 
non-[0 n] emitters is 26/65 = 40%. 

Next, we checked the photometric redshift distribu- 
tion of galaxies with z spoc = 0.901-0.920 and My 35 oo < 

— 19.71 to estimate the incompleteness due to the photo- 
z error for the Sample A. From the spectroscopic cata- 
logue, we could use 97 objects with z spec = 0.901-0.920 
and M[/35oo < —19.71, and found that 58 out of 97 have 
photometric redshifts of 0.901 < z pho t < 0.920. While 
these 58 objects are included into our photo-z selected 
sample, the other 39 objects are missed by the photo-z 



selection. Out of 97 objects with z spcc = 0.901-0.920, 
20 objects shows a significant NB711-band excess and 
satisfy the criteria for [O n] emitters, and the other 77 
objects are non-[0 II] emitters. Similarly, out of 58 ob- 
jects with z spoc = 0.901-0.920 and z phot = 0.901-0.920, 
19 objects satisfy the criteria for [O n] emitters, and the 
other 39 objects are non-[0 n] emitters. Therefore, for 
[O n] emitters, 19 out of 20 galaxies with z spoc = 0.901- 

0. 920 are selected to the Sample A, and the completeness 
is 19/20 = 95%. On the other hand, 39 out of 77 non-[0 
n] emitters with z spcc = 0.901-0.920 are included into 
the sample. Therefore the completeness for non-[0 n] 
emitters is 39/77= 51%. 

By adopting these contamination and completeness 
rates, which is estimated from the spectroscopic sam- 
ple, for all the photo-z selected sample, we examined 
the effects of the contamination and incompleteness due 
to the photo-z error on the fraction of [O n] emitters 
in the photo-z selected sample. Since the contamina- 
tion and completeness rates for [O n] emitters are 21% 
and 95%, respectively, we select 95% of the real [O n] 
emitters and also pick up the contaminants which ac- 
count for 21% of the observed number. Therefore, the 
number of [O n] emitters are expected to be overesti- 
mated by -20%; i.e., 0.95/(1 - 0.21) - 1.20. Similarly, 
from the contamination rate of 40% and the complete- 
ness of 51%, we can calculate that the observed num- 
ber of non-[0 II] emitters is underestimated by ~15%; 

1. e., 0.51/(1 — 0.40) — 0.85. Since the observed num- 
bers of [O n] emitters and non-[0 n] emitters are 95 
and 196 respectively, the number of all photo-z selected 
galaxies is expected to be underestimated by ~ 6%; i.e., 
(95 + 196)/(95/1.21 + 196/0.85) ~ 0.94. As a result, 
the number of [O n] emitters is overestimated by —20%, 
while the number of the all photo-z sample is underesti- 
mated by ~ 6%. Therefore, the fraction of [O n] emitters 
could be overestimated by ~ 28%; i.e., 1.20/0.94 = 1.28. 
If we do not consider the four [O n] emitters with z spcc = 
0.893-0.899 as the contaminants, the contamination rate 
for [O n] emitters decreases from 21% to 4% as men- 
tioned above, and the overestimatio n of the frac t ion o f 
[O II] emitters becomes — 5%. Since lldeue et al.1 (poll ) 
estimated that the fraction of [O n] emitters at z — 1.2 
could be overestimated by — 17% due to the photo-z er- 
ror, the fractions of [O n] emitters at z — 1.2 and z — 0.9 
might be similarly overestimated. 

4. DISCUSSION 

4.1. Comparison with other studies 

We here compare our results in the COSMOS field 
with previous studies of the environmental dependence 
of the star formation acti vity in galaxies at similar red- 
shifts. lElbaz et al.1 (|2007t ) investigated the average SFR 
of galaxies with Mb < —20 at 0.8 < z < 1.2 as a function 
of the local galaxy density in the GOODS fields. They 
found that the average SFR increases with the density 
and seems to peak around a density of ~ 2-3 Mpc -2 . 
Our results seem to be consistent with their results in 
that the fraction of actively star-forming galaxies does 
not decreases with the local density on average, which 
is different from the SFR-density relation seen in the 
present universe and from the predictions by the semi- 
analytic models of the galaxy formation. However, the 
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Fig. 8. — [O II] luminosity vs. the local galaxy density for [O n] 
emitters with M[/35oo < —19.71. The [O II] luminosity is corrected 
for the dust extinction under the assumption of Ajja = 1 mag for 
all [O II] emitters (see Appendix). 



03 

E 

3 



60 



40 



20 



Sample B 
[Oil] emitters 
24^m sources 



10 9 10 10 10 11 

Stellar mass (Msun) 



10 1i 



Fig. 9. — Distribution of the stellar mass of galaxies for the Sam- 
ple B (M[/3500 < —19.31). The solid line shows all galaxies in the 
Sample B, while the shaded dotted histogram shows [O o] emit- 
ters with M(j35oo < —19.31. The dashed histogram represents the 
bright MIPS 24/^m sources with /24 M m > 150-200 /LtJy. 



fraction of [O n] emitters at z ~ 0.9 in the COSMOS field 
does not significantly depend on the density and does not 
seem to peak around a density of several Mpc -2 . In order 
to examine the environmental dependence of the average 
SFR in our sample, we plot L([0 n]) of [O n] emitters as 
a function of the local density in Figure [8] L([0 n]) is 
estimated from the ri and NB711 magnitudes (see Ap- 
pendix for detail). It is seen that the L([0 il]) of [O n] 
emitters is also independent of the density. Therefore we 
expect that the average L([0 n]) also does not signifi- 
cantly depend on the local density. 

A possible origin of the dif ferent behav i ors in the 
SFR-density relation between lElbaz et al.l (|2007t ) and 
this study is the effect of the dust extinction. We se- 
lected star- forming galaxies w ith the [O n] emitter selec- 
tion, while lElbaz et all (|2007l ) estimated SFRs of galax- 
ies from the Spitzer/MIPS 24 (im fluxes. Although we 
correct L([0 n]) for the dust extinction assuming An a 
= 1 mag, the [O il] emitter selection itself could miss 
dusty star-forming galaxies. In order to check this, we 
cross-matched the 24/im source catalo gue from the S- 
COSMOS survey (Sa nders et aLI 120071) to galaxies at 
0.901 < Zphot < 0.920 in our sample. The flux limit 
of the 24/xm catalogue is ~ 150-200 fiJy. We plot the 
24/mi sources as red circles in Figure |U These bright 
24/im sources tend to show red rest-frame NUV — R 
and R — J colors, and the overlap between these 24/im 
sources and [O il] emitters is relatively small. Since star- 
forming galaxies are expected to distribute over a di- 
agonal region from (R — J ~ 0, NUV — R ~ 1) to 
(R - J ~ 1.5, NUV - R ~ 4.5) (e.g., IBundv et al.l 
2010), the [O n] selection seems to miss star-forming 
galaxies with relatively red NUV — R colors such as 
the bright 24/im sources. We also compare the stellar 
mass of [O n] emitters with that of these bright 24/im 
sources in Figure [9] The stellar mass of each galaxy 
is estimated by fitting the multi-band photometric data 



from UV to MI R wavelength with t he po p ulation syn- 
thesi s model by iBruzual fc Chariot! (|2003[ ) (jllbert et al.l 
SOU ■ Ehabrie3 (j2003|) 's IMF is assumed. Figure |9] shows 
that most of [O n] emitters have relatively low stellar 
mass of M st ar 10 10 M Q , while the all photo-z selected 
galaxies distribute over 1O 9 M < M sta r < 10 U M Q . On 
the other hand, the bright 24/xm sources show systemat- 
ically larger stellar mass of ~ 10 1o -10 11 M(T). The 2 4/zm- 
selected star-forming galaxies in lElbaz et al.l (|2007f) also 
distribute over 1O 9 M < M star < 10 n M Q . Therefore 
the [O n] emitter selection seems to miss massive (dusty) 
star-forming population. Since star-forming galaxies 
with 10 10 -10 11 Mq have a large c ontribution to the cos - 
mic SFR density at z ~ 1 (e.g., iKaiisawa et al.l [2010). 
these massive star-forming galaxies could significantly 
contribute the average SFR in each environment. The 
contribution from these massive galaxies might cause the 
peak of the aver age SFR around a l ocal density of ~ 2- 
3 Mpc -2 seen in lElbaz et al.l (|2007l) . However, we note 
that the fraction of star-forming galaxies in our sample 
does not significantly depend on the density, even if wc 
include the bright 24/im sources into the star-forming 
population. 

Another possible origin of the different results is 
the differen t scale s of the local density measurement. 
lElbaz et al.l (|2007f) measured the density with a box of 
1.5 Mpc x 1.5 Mpc x 40 Mpc in comoving scale, while 
we used the 10th nearest neighbor method with galaxies 
within a comoving depth of 118 Mpc. In the 10th nearest 
neighbor method, a radius used in the density measure- 
ment depends on the local density itself. For example, 
the local density of Eirjth = 1 Mpc~ 2 corresponds to a 
radius of Troth ~ 3.6 Mpc in comoving scale (~ 1.9 Mpc 
in physical scale). When the local density is 10 Mpc -2 , 
a radius becomes 1.1 Mpc in comoving scale. Since we 
typically investigate galaxies with Eirjth ~ 1-10 Mpc -2 
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Fig. 10. — Evolution of the local galaxy density between z ~ 1.2 and 2 ~ 0.9 for mock galaxies in the semi-analytic model bv lFont et al.l 
( 2008). Top panels show comparisons of the 3-dimensional local densities at the different redshifts for the same model galaxies, while 
bottom panels show those of the 2-dimensional projected densities with the photometric redshift error. The local density at z ~ 1.2 is 
estimated from galaxies with Mjj < —19.71. Left panels show the case that the local density at z ~ 0.9 is estimated from galaxies with 
Mjj < —19.71, while right panels show the results for the density at z ~ 0.9 measured from those with Mjj < —19.31. Solid line shows the 
median value of the density at z ~ 0.9 as a function of the density at z ~ 1.2, while dashed lines represent the 16 and 84 percentiles. 



(Figure the local density in our analysis is measured 
with a radius of 1.1-3.6 Mpc, which corresponds to a di- 
ameter of 2 . 2-7.2 Mpc. This scale is larger than that in 
lElbaz et all (|2007ft (1.5 Mpc), especially for low-density 
environments. The depth of 118 Mpc used in our den- 
sit y measurem e nt is also much larger tha n 40 Mpc used 



.Elbaz et al.l ([20071 ). For local galaxies, iBlanton et al.l 

(2006) pointed out that the environment dependence of 
the star formation activity in galaxies coul d vary with 
the sc ale used for the density measurement. I Elbaz et"aH 

(2007) also discussed that the peak of the average SFR 
around a density of ~ 3 Mpc -2 seen in their result could 
be caused by active star formation in galaxies during 
group formation at the scale of ~ 1 Mpc. The density 
measurement in a relatively large scale might smear out 
such small-scale envir onmental effect i n som e degree. 

On the other hand, iPoggianti et al.l (|2008l) studied the 
star formation activity of galaxies as a function of the 
local density mainly in clusters and groups at z =0.4- 
0.8. They found that the fraction of [O n] emitters in 
groups or outskirts of clusters is similar with that in field 
environments at the same redshift, while the fraction de- 
creases toward the highest-density region at the cores 
of clusters. The weak or no environmental dependence 
of the fraction of [O II] emitters at the relatively low- 



density environment (£ c < 15-40 Mpc -2 ) might be con- 
sis tent with our re s ults, a lthough the fraction of ~ 70% 
in IPoggianti et al.l ([2008D is much higher than that in 
this study because they selected objects with EWq([0 
ii]) > 3 A as [O il] emitters by using the spectroscopic 
data. They also pointed out that the average SFR of 
[O n] emitters has a peak at E c ~ 15-40 Mpc -2 , while 
we found no significant environmental dependence of the 
[O II] luminosity at the lower density. iPatel et al.l ([201 ll ) 
similarly studied SFRs of galaxies at 0.6 < z < 0.9 as a 
function of local density including the group and cluster 
environments, and found that both the fraction of star- 
forming galaxies and the average SFR of star-forming 
galaxies decrease at densities much higher than the field 
environments. But we note that their sample is limited 
to relatively massive galaxies with M star > 10 10 25 M Q , 
while [O n] emitters in this study tend to have smaller 
mass of M s ta , r < 10 10 Mq as see n in Figure [9j 

Recently. ISobral et al.l ([201 II ) investigated the fraction 
of Ha emitters in galaxies with K < 23 at z ~ 0.84 in the 
COSMOS and UKIDSS UDS fields (total - 1.3 deg 2 ), us- 
ing a narrow-band observations at 1.211 /zm. They also 
used the 10th nearest neighbor method to measure the 
local density and studied the environmental dependence 
of the fraction of star-forming galaxies. They found that 
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Fig. 11. — Evolution of the fraction of [O II] emitters between z ~ 1.2 and z ~ 0.9 for mock galaxies with M\j < —19.71 in the 
semi-analytic model as a function of the 2-dimensional projected density with the photometric redshift error at each redshift. Solid line 
shows the fraction at z ~ 0.9, while dashed line represents that at z ~ 1.2. Left panel shows the fraction of model galaxies with EWq([0 
ii]) > 12 A, while right panel shows the fraction of those with EWq([0 II]) > 36 A. 



the fraction of Ha emitters with E W bs (Ha) > 50 A is 
~ 30% almost independent of the local density in rela- 
tively low-density environments of their E c < 10 Mpc -2 . 
On the other hand, the fraction rapidly decreases with in- 
creasing the local density in higher-density environments. 
If the environments we investigated are mainly field en- 
vi ronments , ou r resul t at z ~ 0.9 is consistent with that 
in ISobral et al.l (|2011f) . In this study, we also found that 
the evolution of the fraction of [O n] emitters between 
z ~ 1.2 and z ~ 0.9 is also independent of the galaxy 
environ ment in the range o f the environment we inves- 
tigated. ISobral et al.l (|2011[ ) suggested that the star for- 
mation in the field environment is dominated by normal 
(non-interacting) galaxies, while the star formation in the 
rich group and cluster e nvironment is dominated by the 
poten tial mergers (e.g., Ildeue et al.l l"2012; Havas hi et al.l 
2010). If this is the case, the galaxy interactions might 
not play a important role in the star formation activity 
of most field galaxies. As a result, the evolution of star 
formation activity in these galaxies between z ~ 1.2 and 
z ~ 0.9 does not depend on the galaxy environment, but 
might simply be related with physical properties of each 
galaxy such as gas mass fraction. 

4.2. Evolution of the fraction of [O il] emitters between 
z ~ 1.2 and z ~ 0.9 

In this section, we discuss the strength of the evolu- 
tion in the fraction of [O II] emitters from ~ 60% at 
z ~ 1.2 to ~ 30% at z ~ 0.9. At first, we examined 
how the local density for each galaxy evolves between 
z ~ 1.2 and z ~ 0.9 by using the same semi-analytic 
model as in Section 13 . 31 since the strong evolution of 
the density could make the comparison between the dif- 
feren t redshifts more complicated (e.g., [Poggiant i et al.l 
12010ft . Figure [TU] shows the comparisons of the local den- 
sity between the redshifts for the same model galaxies 
for the Sample A and Sample B. For model galaxies at 
z ~ 1.2, we similarly calculated the 3-dimensional den- 
sity and the 2-dimensional projected density including 
the random offsets due to the photo-z error at z ~ 1.2. 



Note that the average number densities of galaxies at 
z ~ 0.9 are different between the both samples by a fac- 
tor of ~ 2. It is seen from the upper panels of the figure 
that the evolution of the true 3-dimensional density is 
relatively small (a factor of < 2) for most model galax- 
ies except for the high density region. The projected 
density also mildly evolves at 0.3 Mpc -2 < £ioth < 10 
Mpc -2 especially for the Sample B. By combining this 
with the lack of the environmental dependence at the 
both redshifts, we infer that the change in the local den- 
sity probably does not strongly affect the evolution of the 
fraction of [O il] emitters in the range of the density we 
investigated. Therefore we can fairly compare the frac- 
tions of [O n] emitters at the same range of the local 
density between z ~ 1.2 and z ~ 0.9. 

In Figure [11] we plot the evolution of the fraction of 
[O n] emitters between z ~ 0.9 and z ~ 1.2 predicted by 
the semi-analytic model. The strength of the evolution 
in the model does not seem to be affected by the criterion 
of EWq{[0 ii]), and it could be slightly large at Eioth ~ 
3-10 Mpc~ 2 . The observed strength of the evolution seen 
in Figure [3] is larger than that in the model. 

We next consider the evolution of the EWq([0 ii]) dis- 
tribution. Figure [12] shows a comparison of the observed 
EW ([O ii]) distribution between the z ~ 0.9 and z ~ 1.2 
samples. The EWq([0 ii]) for each [O ii] emitter is cal- 
culated from the narrow-band excess (NB711 — ri'). In 
Figure the fraction of galaxies with EWo([0 n]) > 
12A at z ~ 0.9 is lower than that at z ~ 1.2 as expected 
from Figure[3] If we simply assume the EWo([0 11]) of all 
star-forming galaxies decreases by the same factor from 
z ~ 1.2 and z ~ 0.9, the observed EW ([O 11]) distri- 
butions suggest that the EWq([0 ii]) needs to decrease 
by a factor of 1.75+Q'gg in this redshift interval in order 
to reproduce the fraction of [O 11] emitters with EWq([0 
ii]) > 12 A at z ~ 0.9 (~ 0.3 ± 0.1). 

We here try to interpret the EWq([0 ii]) evolution as 
the evolution of star formation activity in galaxies. Fig- 
ure [T3] compares [O ii] LFs between z ~ 0.9 and z ~ 1.2 
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Fig. 12. — left) Comparison of the normalized differential distributions of EWq([0 ii]) between z ~ 0.9 and 2 ~ 1.2. black and grey 
histograms show that for galaxies at z ~ 0.9 and 2 ~ 1.2, respectively. Vertical dashed line shows the equivalent width limit of EWo([0 
n]) = 12 A for our [O n] emitter selection. Note that only galaxies classified as [O n] emitters are plotted, while the calculation of the 
normalization constant takes account of all galaxies including objects which do not satisfy the selection criteria for the [O n] emitter, right) 
The same as the left panel, but the observed EWo([0 Ii]) for [O o] emitters at z ~ 1.2 is divided by a factor of 1.3 and 1.6 (short- and 
long-dashed histograms). A decrease of a factor of 1.3—1.6 in EWo([0 n]) from z ~ 1.2 to z ~ 0.9 is expected from the simple model where 
SFRs of star-forming galaxies decreases by a factor of 2 in the redshift interval (see text). 
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Fig. 13. — The [O Ii] luminosity function for [O Ii] emitters at 
z ~ 0.9 and z ~ 1.2. The solid circles show the result for our [O Ii] 
emitter sample at z ~ 0.9 in the COSMOS field. The thick dotted, 
solid, and dashed lines represent the best-fit Schechter functions for 
a = —1.0, —1.2, and —1.4, respectively. Thin dashed-dotted line 
shows [O ii ] LF for [ O Ii] e mitters at z ~ 0.9 in the Subaru Deep 
Field from Ly ct al. (2007). Thin solid line repr esents the result 
at z ~ 1.2 in the COSMOS field updated from ITakahashi et all 
(2007) with the newest version of the COSMOS photometric red- 
shift catalog. Thin dott ed lines show [O Ii] LF at z ~ 1.2 in the 
Subaru Deep Field from lTakahashi et alJ (pOOTT ). 



in the COSMOS field and the Subaru Deep Field (SDF). 
The [O ii] LFs in the COSMOS field are derived from our 
samples at z ~ 0.9 and z ~ 1. 2 (Appendix A) , and those 
in the SDF are the results bv lLv et all (|2007n . It is seen 
that the characteristic luminosity decreases by a factor 
of - 2 from logL* ~ 42.5 at z ~ 1.2 to logL* ~ 42.2 
at z ~ 0.9 in the both fields, while the normalization 
shows no significant evolution. If we assume that there 
is no strong evolution in the average metallicity of galax- 
ies between z ~ 1.2 and z ~ 0.9, this luminosity evolu- 
tion reflects the decrease of the star formation activity in 
galaxies. Many previous studies of the evolution of the 
cosmic SFR density also suggest that the star formation 
activity in the universe decreases by a factor of ~ 2 from 
z ~ 1.2 to z ~ 0.9 on av erage (e.g.. Hopkins fc Beacoml 
120061 : iSobral et al1l2012D . Then we calculate the evolu- 
tion in the EWq ([O ii]) for the case that the star for- 
mation rate decreases by a factor of 2 in the redshift 
interval. The [O n] line luminosity is simply expected to 
decreases by the same factor as the SFR, if we ignore the 
metallicity/dust extinction evolution. If we assume ex- 
ponentially decaying star formation histories (i.e., SFR 
oc exp(— age/r)) between z ~ 1.2 and z ~ 0.9 for sim- 
plicity, the evolution of factor of ~ 2 in the SFR which is 
expected from the [O n] luminosity function at z ~ 1.2 
and z ~ 0.9 corresponds to the star formation timescale 
of r =1.2-1.8 Gyr. In this case, the continuum luminos- 
ity at the rest-frame 3727 A is expected to decrease by 
a factor of ~ 1.5. This is also consistent with the evo- 
lution of the characteristic magnitude of the rest-frame 
3500 A LF (0.4 mag) mentioned in Section 2.1. There- 
fore, we can expect that the EWq([0 ii]) decreases by 
a factor of 1.3—1.6 between z ~ 1.2 and z ~ 0.9, tak- 
ing account of the possible effect of the Balmer break on 
the measurement of the narrow-band excess (NB711 — 
ri'). This is roughly consistent with the evolution of the 
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EWq([0 ii]) expected from the evolution in the fraction 
of [O n] emitters (1.75^;^). In the right panel of Figure 
[T2l we compare the observed EWo([0 11]) distribution at 
z ~ 0.9 with the simulated distributions which are calcu- 
lated by dividing the EW ([O 11]) at z ~ 1.2 by a factor 
of 1.3 and 1.6. The agreement of the EW ([O 11]) distri- 
bution is relatively good especially in the case that the 
EWq([0 ii]) decreases by a factor of 1.6, although the 
observed EWq([0 ii]) at z ~ 0.9 could be slightly lower 
than those predicted from the evolution of the star for- 
mation activity. Thus, the decrease of the fraction of [O 
11] emitters from z ~ 1.2 to z ~ 0.9 seems to be explained 
mainly by the decrease of the overall star formation ac- 
tivity in the universe, while the additional offset seen in 
the right panel of Figure [12] might be explained by the 
evolution of the gas metallicity and/or dust extinction in 
star-forming galaxies. 

5. SUMMARY 

We investigated the fraction of [O 11] emitters in the 
photo-z selected galaxies at z ~ 0.9 as a function of the 
local galaxy density in the COSMOS held. [O 11] emitters 
are selected by the narrow-band excess technique with 
the NB711-band data taken with Subaru/Suprime-Cam. 
We used the magnitude limits and selection criteria for [O 
11] emitters which are consistent with our previous study 
at z ~ 1.2 in order to make a direct comparison between 
z ~ 0.9 and z ~ 1.2. Our hnal sample consists of 614 
(291) photo-z selected galaxies with Mu 3500 < —19.31 
(A%35oo < -19.71) at z = 0.901 - 0.920, which includes 
195 (95) [O 11] emitters. Our main results are as follows. 

• The fraction of [O 11] emitters at z ~ 0.9 is 
nearly constant (~ 0.3) at 0.3 Mpc~ 2 < Sioth < 
10 Mpc" 2 . The flat distribution holds, even if we 
use the magnitude limit for which the luminosity 
evolution of galaxies is taken into account. No sig- 
nificant environmental dependence is similar with 
the result in our previous study at z ~ 1.2. 

• The fraction of [O 11] emitters decreases from ^0.6 
at z ~ 1.2 to ~ 0.3 at z ~ 0.9 in all environment 
we investigated. 

• Instead of [O 11] emitters, we used galaxies with 
blue rest-frame colors of NUV - R < 2 at 0.91 - 
0.023 < Zp ho t < 0.91 + 0.023 as the star-forming 



population in order to measure both the fraction of 
star-forming galaxies and local galaxy density from 
the same sample. The fraction of blue galaxies with 
NUV — R < 2 also does not significantly depend 
on the local density. 

• We checked the effects of the projection over the 
redshift slice and the photometric redshift error on 
our densit y measurement, u sing the semi-analytic 
model bv (Font et "all (|2008| ). Although these ef- 
fects seem to smear out very high and low density 
regions in some degree, we confirmed that the frac- 
tion of [O 11] emitters clearly depends on the pro- 
jected density in the simulation, which is different 
from the observed results. 

• Most of [O 11] emitters have relatively small stel- 
lar mass of M st ar < 10 10 M Q , and the overlap be- 
tween [O 11] emitters and bright 24/im sources with 
/24^m > 150-200 [iJy is relatively small. The [O Ii] 
emitter selection seems to miss massive dusty star- 
forming galaxies. Such a selection bias might cause 
the different behaviors in the SFR-density relation 
among studies with the different SFR indicators. 

• If we simply assume SFRs of star-forming galaxies 
decrease by a factor of 2 from z ~ 1.2 to z ~ 0.9, 
which is expected from the evolution of the [O 
11] luminosity function and cosmic SFR density in 
the redshift interval, the expected evolution of the 
EWo([0 11]) is roughly consistent with the observed 
EW ([O 11]) distributions at z ~ 1.2 and z ~ 0.9. 
Therefore the decrease of the fraction of [O 11] emit- 
ters from z ~ 1.2 to z ~ 0.9 seems to be explained 
mainly by the decrease of the overall star formation 
activity in the universe. 
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APPENDIX 

LUMINOSITY FUNCTION OF [O II] EMITTERS AT Z ~ 1.2 IN THE COSMOS FIELD 

In this Appendix, we describe the derivation of the [O 11] luminosity function at z ~ 0.9 in the COSMOS field. To 
derive the total [O 11] flux, we have used the total flux density of r', i' (or i* ), and NB711. The flux of [O 11] emission 
line is given by 

^"' =ANB l-0^(A^/AiO - (M) 

where /nb is the total flux density of NB711, f„ is the ri continuum flux density, ANB and Ai' are the effective 
bandwidth of the NB711 and i' filters, respectively: ANB711 = 72.5 A and Ai' =1489.4 A. Since the flux of the [O 
11] emission line is affected by the dust obscuration, it is necessary to correct the extinction effect. Here, w e apply a 
constant extinction of A\q n | = 1.87 mag , which corresponds to A^ a — 1 mag, following previous studies (|Hopkinsl 
120041: iTakahashi et alj|2007t iSobral et aT1l2012l ). We also apply the filter transmission effect since the actual NB711 
filter transmission is not rectangular. We adopt a factor of 1.24 following iShiova et al.l (|2009T ) . 



[O n] Emitters at z ~ 0.9 
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TABLE 2 

Best-fit Scheohter parameters for the [O ii] luminosity function atz~ 0.9 in the COSMOS field. 



a 


logL* 


log <f>* 


-1.00 
-1.20 
-1.40 


42.11 ±0.03 
42.16 ±0.04 
42.21 ±0.04 


-2.43 ±0.05 
-2.48 ±0.06 

9 ccr+0.07 



Then the [O n] flux is given by 

/corQO ii]) = f lo n] x 10°- 4A i° «i x 1.24 , (A2) 
and the [O n] luminosity is estimated by 

L([0 Ii]) = 47rd£/ cor ([0 II]) (A3) 

where g?l is the luminosity distance: = 5883 Mpc. 
The [O ii] luminosity function (LF) is constructed by the following formula, 

3 J 

with | log Lj — log Li | < iAlogi, where AlogL is the logarithmic bin size and Vj is the volume covered by the filter. 
Here we use AlogL = 0.2, and Vj = 2.28 x 10 5 Mp c 3 . We show th e [O ii] LF in Figure [TBI 
We fit the [O n] LF with the Schechter function (|Schechterlll976l ). 

* (L)dL = H0 CXP (^) dL ' (A5) 

by the STY method (|Sandage et al.lll979l) . Before fitting the [O ii] LF, we estimate the lower and upper limiting lumi- 
nosities (Liow and L up ) that evaluate whether the sample is complete or not. Using the observed limiting magnitudes 
of ri and NB711, we obtain logLi ow = 41.83 erg s _1 . On the other hand, the saturation magnitude of r' gives the 
upper limiting luminosity of logL up = 43.65 erg s _1 . Since it is difficult to estimate the power index a accurately 
because of incompleteness at the faint end, we show our results for the following three cases, a = —1.0, —1.2, and —1.4 
in Tabled 
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